The management of respiratory failure in infancy has altered considerably over the past two decades, due both to an increasing understanding of the underlying pathophysiological mechanisms involved and the development of new techniques of treatment. This paper outlines the rationale, indications, and details of the therapy which may be required in neonates and infants suffering from illnesses affecting respiratory function.
In 1953, Donald and Lord wrote "the standard treatment of (neonatal) atelectasis is largely a matter of laisser-faire and relies on good nursing, airway clearance and a supply of oxygen". Their comment could equally have applied to most serious respiratory illnesses occurring in infancy, since few were amenable to drug therapy or surgery, and the only wellestablished technique for the relief of asphyxia was tracheostomy to overcome upper respiratory tract obstruction. Their use of "augmented respiration" with a patient-triggered negative pressure ventilator was the first of many technical innovations which have complemented the increasing understanding of respiratory failure in infancy and revolutionized its management. Tracheostomy has since been refined and applied to non-obstructive failure as well, whilst prolonged endotracheal intubation has been developed as an alternative. Many ventilators (both positive and negative pressure) suitable for assisting respiration in infants are now available, and the technique of constant positive airway pressure has been introduced. Blood-gas and acid-base determinations may be made on micro-samples of blood which may have been obtained by arterial puncture or from an indwelling catheter introduced into the aorta via an umbilical artery. These and other resuscitative and ancillary measures may assist in sustaining bodily functions during a critical respiratory illness. In the meantime, recent medical or surgical advances may be used to correct the underlying condition or (as often happens in infancy) the growth, maturation and healing that occurs with the passage of time may result in spontaneous cure.
The purpose of this paper is to describe the management of respiratory failure in the first year of life in the light of these advances. It is largely confined to a consideration of failure as such, and does not discuss specific therapy for any particular disease, such as antibiotics for pneumonia or surgical correction of a dia-phr~gmatic hernia. Since the majority of patIents present in the neonatal period, most attention is directed towards this age group. AETIOLOGY The remarkably high incidence of respiratory failure in the first year of life is due to several factors. Infants are very likely to sustain a severe physiological distu~bance ~in the presence of a respiratory illness because of the structural immaturity of their respiratory system and the narrowness of their ainvays. Especially in the neonatal period, most conditions are the result of immature or abnormal development, or of asphyxia or other injury sustained during birth. There is also a susceptibility to infection and a threat of iatrogenic disturbance resulting from a lack of knowledge of the principles and practice of therapy in the very young. The more common causes of respiratory failure in infancy are listed in Table 1 .
The structural immaturity of the thoracic cage has been pointed out by Smith (1959) . The sternum is soft and affords an unstable base for the ribs. These in turn are horizontally placed and the intercostal muscles poorly developed, so the bucket-handle motion upon which thoracic respiration depends is eliminated. Respiration is therefore almost entirely diaphragmatic and may readily be embarrassed Anaes/hesia awl In/ellsivl' Care, 1'0/. f, XI!. 6, Sovcmber, f!173 by abdominal distension. Under physiological circumstances the tidal volume and vital capacity are comparable with those of older patients, but any disease process will cause a disproportionate reduction, largely because of the markedly increased effort required to expand the chest. The work of breathing in the presence of severe respiratory disease may be increased by six-to tenfold (Swyer 1971b) . The airways are large in comparison with those of an adult; the trachea of a newborn is one third and the bronchioles one half of the diameter of those of an adult 20 times his size (Engel ] 947). However, a given degree of swelling will have a much greater effect in early life. For example, a one millimetre increase in the thickness of the mucosa at the subglottic level will cause a 75 per cent reduction in the cross-sectional area of the airwav in a neonate, but only a 19 per cent reducti~n in an adult (Eckenhoff 195] ). Laryngo-tracheo-bronchitis and bronchiolitis are therefore serious diseases in the very young, but are of little importance in adults.
The susceptibility to infection is manifested in the high incidence of septicaemia, pneumonia and meningitis. Progress of the illness is frequently so rapid that diagnosis is difficult and respiratory failure and death often supervene before effective therapy can be established.
Immature development is partiCUlarly common in premature infants; it may be expressed by an inability to breathe regularly, a lack of development of certain important reflexes, or deficiency of surfactant production. Irregular respiration occurs in nearly half of the prematurely born neonates and may lead to apnoeic spells. Pharyngeal inco-ordination is common in the first 48 hours of life and may result in inhalational pneumonia (Avery 1968 ) ; occasionally it may persist for several months. The idiopathic respiratory distress syndrome (I.R.D.S., "hyaline membrane disease ") is due to a deficiency in the development of pulmonary surfactant (Avery and Mead 1959) . It is the commonest of all causes of respiratory failure in infancy, occurring in 1 per cent of live and one third of premature births (Swyer 1971a) , and for that reason has been very extensively studied. There is a progressive atelectasis which is particularly likely to be fatal in those of small birth weight. The overall mortality without intensive care and assisted ventilation is about 60 per cent; if death does not occur, spontaneous recovery usually commences after about four days.
Developmental anomalies may affect any part of the respiratory system or associated organs. Cardiac lesions, such as ventricular septal defect and patent ductus arteriosus, which result in left heart failure, are especially frequent. The commonest lung disease is pulmonary hypoplasia occurring in association with diaphragmatic hernia. Oesophageal atresia and tracheo-oesophageal fistula are often associated with aspiration pneumonia and tracheomalacia. The most frequently encountered diseases resulting in upper airway obstruction are choanal atresia and retrognathia (including the Pierre Robin syndrome).
Birth sequelae include asphyxia, cerebral injury and pneumothorax. Asphyxia is very common and may result in central respiratory failure, cerebral haemorrhage and meconium aspiration (due to the passage of meconium and the premature onset of respiration). Pneumothorax may follow the onset of respiration immediately after birth, probably as the result of a ball-valve obstruction of a small airway by a mucous plug associated with the need to exert a pressure of up to 70 cm H 2 0 to expand the lungs (Avery 1968) . It occurs in up to 2 per cent of neonates (Davis and Stevens 1930, Solis-Cohen and Bruck 1934) ; whilst it may be an isolated finding and asymptomatic, it is also a common complication of diseases such as I.R.D.S. and meconium aspiration, and when present may markedly increase the severity of the physiological disturbance.
GENERAL CONSIDERATIOXS
The considerable accumulation of knowledge and technical skills over the last 20 years has led to the establishment of special un'its where neonates and infants with respiratory failure can be more satisfactorily managed. \;y'hether these form part of a neonatal unit as such or are combined with a general paediatric intensive care area is not important. Kor does it matter whether the unit is staffed by neonatologists or paediatric anaesthetists, or a combination of both. What is essential is that both the nursing and medical staffs be familiar with the diseases that occur, understand the details of airway maintenance and the care of \'entilators, and have the necessary practical skills to apply this knowledge.
The organization of this service as it affects the newborn has been reviewed by Segal (1968) . Similar considerations apply in the management of infants. It is essential that there be absolute continuity of services, apparatus and supplies. Early recognition of deterioration, whether due to progress of the disease or the development of a complication, may be critical to survival. Experience, judgment and skill are required in the continuing assessment of the patient, and in the alteration of therapy. Rapid developments in knowledge must be shared from unit to unit. There is a continuing need for training of personnel, up-dating their knowledge and skills and replacing them when they leave, and for enlarging the staff as necessary. Ancillary facilities, such as the taking of X-rays and the measurement of blood gas parameters, must be available on a 24-hour basis. Of necessity, such a unit requires a large medical and nursing staff. The minimum requirement of nurses is one per two patients plus one in charge, whilst an experienced doctor must either be in the unit or immediately available to it at all times.
It will be apparent that the vast majority of patients with respiratory failure should be nursed in such a unit. This does not mean that all patients in respiratory distress should automatically be transferred; there arc dangers in transport, especially to the very small, and many patients will not develop failure and may satisfactorily be cared for by their own practitioner. If he is in doubt about management or the desirability of referral, he should consult an experienced paediatrician.
Those responsible for transport should aim to transfer the patient in the shortest possible time with the least deterioration in his condition. The degree of urgency needs to be emphasized by the doctor to the amhulance personnel.
It is highly desirable that a competent trained nurse, or if necessary a doctor, accompany the patient. A few units are able to send one of their own doctors, or even their own specially equipped and staffed ambulance, to return with him. The patient should be adequately clothed to minimize the dangers of cooling, and the cot temperature appropriately' adjusted. A high flow of oxygen should be supplied and an adequate amount carried on the journey or arrangements made to pick up more on the way. \Vhilst high concentrations may not always be necessary, opening the cot will cause a rapid fall and the build-up after it is closed is slow with low flow rates. There must also be facilities available for the removal of pharyngeal secretions.
In general, endotracheal intubation or assisted ventilation is highly undesirable during transport. Especially in the hands of the unskilled, and with the difficult conditions prevailing in an ambulance, complications such as endobronchial intubation, accidental extubation and the production of a pneumothorax are Iikelv to occur. It is usuallv better to relv upon Cl high oxygen concentratIon to maintain life, and to complete the journey as quickly as possible. In some cases the insertion of an intravenous infusion via the umbilical vein and the administration of sodium bicarbonate and dextrose may be indicated, but much depends upon the admitting officer's assessment of the skills of the referring doctor and the patient's requirements. GE:-':ERAL :\lANAGE:l-IENT In the majorit~· of cases, respiratory distress progresses over hours or even days, and allows ample time for diagnosis and the institution (if available) of specific therapy. At the same time it will be necessan' to commence measures designed to combat hypoxia and the other sequelae of the disease process. The details of management will varv with the nature and severity of the illness, but the same factors must b"e considered in e\'en' patient.
Oxygen
Hypoxia has many possible sequelae 111 neonates and infants. Whilst similar effects to those met in older patients are observed, additional ones occur as well. These have been discussed by Avery (196R) . Robert Borle observed in 1670 that newborn animals survived longer in an oxygen-free environment than adults of the same species. This is largely due to their increased capacity for anaerobic metabolism, especially glycolysis. Hypoxia .-1'lal'st"l'sia alld 111/"llsivc Carl'. I'n!. J, ""n. I; . .\'ovembfl', 1!17.' may therefore result in a large increase in the blood lactate level and profound metabolic acidosis is very common. Despite this increased tolerance, hypoxic cerebral lesions occur frequently and, especially in premature infants, are often associated with apnoeic episodes. Hypoxia may also be responsible for massive cerebral haemorrhage (Harrison, Heese and Klein 1968a) and may be associated with pulmonary haemorrhage (Rowe and Avery 1966) , hyperkalaemia and hypoglycaemia (Usher 1962) . Hypoxia and acidosis cause pulmonary vasoconstriction, and in the first few days of life may result in the circulation reverting to the foetal pattern, with right-to-Ieft shunting through the fora men ovale and patent ductus. This in turn will lead to further hypoxia, which may be very difficult to reverse. Acidosis also considerably reduces the oxygen saturation of blood at low oxygen tension (Stekelenburg 1969) , whilst a pH of less than 7 ·25 causes significant impairment of myocardial contractility.
The administration of oxygen is best achieved by placing the patient or his head in an enclosure into which the gas is delivered. Other measures such as masks and intranasal catheters are less efficient and inconvenient. Humidicribs are useful for neonates where concentrations of up to 40 per cent are required. About 70 per cent may be achieved if all orifices are closed and the introduced oxygen bypasses any concentration limiting device, but such levels are difficult to maintain because the air is being circulated and considerable dilution with room air occurs, especially when a porthole is opened. Oxygen cots such as those described by Phelan et al. (1968) are useful for infants, and concentrations of the order of 60 per cent may be readily obtained. Perspex head boxes in a range of sizes are suitable for patients requiring very high concentrations; with high flows, nearly 100 per cent may be achieved.
The concentration required is variable, but in general patients with extra-thoracic diseases rarely need more than 30 per cent unless intubation or other assistance is indicated, whilst those with intra-thoracic diseases often do. In severe I.R.D.S. or meconium aspiration, there may be many well perfused but poorly ventilated areas of lung, so 100 per cent may be necessary. The aim is to achieve a Pa0 2 of 50-80 mm Hg (Swyer 1971a) . This may be done by making adjustments according to blood gas measurements (vide infra) or clinically by gradually lowering the concentration until central cyanosis just appears, then raising it until it is clearly aholished (Auld 1971 ). This adjustment is potentially dangerous and requires continuous observation by an experienced medical practitioner. It is particularly difficult in the premature infant in whom the skin may appear pink despite arterial desaturation, whilst the peripheries are commonly cyanosed even in the presence of a high Pa0 2 (Roberton et al., 1968) . If there is any doubt as to the presence of hypoxia or hyperoxia, the Pa0 2 must be measured.
If rapid deterioration is a distinct possibility (e.g. immediately after admission, or upon return from major surgery, and before the patient's condition is stabilized) concentrations of 100 per cent may be used for up to two hours in premature neonates and 24 hours in other patients. The time limit is dictated by the need to prevent the development of retrolental fibroplasia in the former and pulmonary oxygen toxicity in the latter. It is also advisable to increase the oxygen concentration temporarily during any procedures which may disturb the patient, such as the taking of X-rays or the insertion of an intravenous infusion.
With rare exceptions, retrolental fihroplasia occurs only in neonates of less than 36 weeks' gestation who have had a Pa0 2 of 150 mm Hg or more for at least four hours (Swyer 1971a). Many premature infants have significant A-a gradients and may need raised inspired concentrations for some weeks to prevent hypoxia and apnoeic attacks (Thibeault, Clutario and Auld 1966) . The use of 30 per cent oxygen is undoubtedly safe under all circumstances, but higher concentrations require frequent reassessments (Auld 1971) .
Pulmonary oxygen toxicity may occur as bronchopulmonary dysplasia or the :VIikity-Wilson syndrome, although neither condition is proven to be associated solely with high oxygen concentrations. Bronchopulmonary dysplasia (Northway et al. 1967 ) is a new clinical entity which may complicate I.R.D.S. It probably results from the use of high oxygen concentrations, especially those in excess of 80 per cent, but other aetiological factors such as use of a mechanical ventilator or other resuscitation techniques, or the lack of nitrogen " padding" in the alveoli, may also play a part (Swyer 1971a) . It is characterized by diffuse interstitial fibroplasia and a "bubbly lung" appearance on X-ray. If recovery occurs, dyspnoea may persist for many months. The Mikity-Wilson syndrome occurs in premature patients, the major clinical features being dyspnoea and hypoxia. I t has certain patho-logical similarities to bronchopulmonary dysplasia and high oxygen lesions produced in animals (Thibeault et al. ] 
966).
There is little evidence that infants differ materially from adults in their susceptibility to pulmonary oxygen toxicity or that preexisting disease may have any effect in varying this sensitivity. Hypoxia is common, its effect on the hrain, heart or kidney may he serious and permanent, and in its presence deterioration may he very rapid. Pulmonary oxygen toxicity is relatively uncommon, its development slow, and its effects are often reversible. There is no evidence that it occurs with concentrations below ,'i() per cent, whilst with 100 per cent no demonstrahle changes occur under 24 hours. Consequently, a fear of producing toxicity must never be allowed to militate against a need to treat hypoxia (Winter and Smith J!l72) .
H1tI1lidificatio11
The infant's humidifying mechanisms are usually adequate to moisten secretions, but their efficiency may be impaired in several ways in the presence of disease. These include systemic dehydration, drying of the nasal and pharyngeal mucosae, rapid respiration and mouth breathing. If humidification is inadequate, secretions become viscid and are more difficult to expel by coughing. When they are thick or purulent, a heated or ultrasonic nebulizer should be used to provide a supersaturated atmosphere. \Vhilst only relatively few of the droplets reach the trachea (\Yolfsdorf, Swift and :\very 1969), their deposition upon the nasal and pharyngeal mucosae will ensure that the inspired gases are at a relative humidity of 100 per cent. Where secretions are less prominent, the humidification provided by a hot water bath (such as those incorporated in a humidicrib) will probably be adequate, even though the relative humidity may only be of the order of 70-80 per cent.
Fluids
Oral feedings should be suspended when dyspnoea is present, and feeding by gastric tube substituted. \Vhen dyspnoea becomes severe, tube feeding should cease, since gastro-intestinal absorption is impaired, vomiting and aspiration are likelv to occur, and if gastric distension is produced it may be sufficient to induce failure. An intravenous infusion must be used instead, to enable fluids, electrolytes and calories to be given, dehydration, metabolic acidosis or hypoglycaemia corrected, and antibiotics and other drugs administered without disturbance to the patient.
Metabolic acidosis may result from hypoxia, circulatory inadequacy, hypoglycaemia or the increased work required in the presence of pulmonary disease. The amount of sodium bicarbonate in milliequivalents required to correct the base deficit varies with age. In the neonate it is given by the formula .
Base Deficit X Body weight (kg)xO·5. The correction should be commenced by giving approximately half of this calculated amount by infusion or by injection over three or four minutes, depending upon the degree of acidosis, and then re-assessing the situation. The physiological base deficit occurring in the newborn averages 3 mEqjl. Deficits of up to 8 mEqjl are usually corrected by infusion, and of more than 8 mEq/1 by injection.
Hypoglycaemia is a common accompaniment of respiratory failure in neonates. The normal hlood glucose level is 50-70 mg per cent. If it falls below 20 mg per cent, cerebral damage is likely. Assessment is made by the frequent determination of " Dextrostix" levels, supplemented where necessary by blood glucose measurements. If a deficiency is present, 0·5-1' 0 gjkg of .50 per cent dextrose is given, followed by an infusion of ] 0-20 per cent c1extrose, according to the severity.
Very rapid injection of hypertonic dextrose or sodium bicarbonate is to be avoided, as the hyperosmolality induced may cause cerebral haemorrhage (Swyer 1971a).
Pharyngeal Suction
Gentle pharyngeal suction performed at intervals (e.g. half hourly) not only removes secretions which tend to pool in the pharynx in the very ill (and particularly in intracranial disease) but also stimulates coughing and the expUlsion of tracheo-bronchial secretions. If performed effectively, it may enable intubation to be avoided when secretion retention is present. In any event, it is superior to traditional methods of physiotherapy (posturing, percussion, etc.) which, at least in tracheostomized patients, may cause falls in Pa0 2 (Holloway et al. 1966) .
Occasionally it may be felt that the patient will benefit from periodic endotracheal suction without prolonged intubation. This should only be done after an endotracheal tube has been passed so that full control is maintained over oxygenation and lung expansion.
Associated Diseases
Especially in the newborn, a number of diseases may occur concurrently with the Anaesthesia and Illtnlsive Care, Vol. I, No. 6, November, l.'J73 illness causing respiratory insufficiency. Treatment is required for many, including haemolytic and haemorrhagic diseases of the newborn, hypocalcaemia and hypomagnesaemia. Their management has been discussed by Swyer (1971a) .
General I"htrsing Care
The patient is nursed flat or with a slight head-up tilt. The sitting posture is valuable if gastro-oesophageal reflux is present and the patient is being fed, but otherwise it is not used because it is difficult to maintain since the patient himself has little control over his relatively large head, the airway is less manageable, and compression of the large abdomen is easy to induce.
Handling should be gentle and procedures performed as rapidly as possible with a minimum of disturbance. Physical upsets may induce bouts of crying or restlessness which lead to an increase in oxygen requirement and possibly to deterioration. Particular care is necessary to minimize loss of oxygen during periods of interference.
Maintenance of body temperature is particularly important since a considerable increase in oxygen utilization occurs with hypothermia (Swyer 1971a). Optimal conditions exist when the abdominal skin temperature is 36° C (Silverman, Sinclair and Agate 1966) .
If repeated easy access to the patient is essential (as it is after intubation), it may be preferable to remove a neonate from his humidicrib and use an alternative means of warming; by far the most satisfactory appliances for this are servo-controlled infra-red heated cots.
Observations
Once the patient has been established in a more or less stable state, the most important part of the continuing management usually lies in skilled observation by competent nurses and doctors. A very seriously ill patient may require the continuous attention of a doctor for some hours.
The particular points to be observed include estimating the presence and degree of signs of: hypoxia-central cyanosis; difficulties in achieving adequate ventilationrapid respiration, intercostal or substernal retraction, poor cough or cry, reduced air entry on auscultation, laboured inspiration; circulatory embarrassment-tachycardia or bradycardia, pallor; fatigue-slowing of the respiratory rate, apnoeic periods, loss of interest.
Any evidence of deterioration must be noted, reported, and acted upon. It may be due to progress of the disease or the occurrence of a complication. The development of a pneumothorax, pulmonary haemorrhage, vomiting and aspiration, or accidental reduction of the inspired oxygen concentration are frequently occurring aetiological factors.
Electronic monitors are useful to warn of bradycardia or tachycardia or of apnoeic spells in premature infants, but are no substitute for close and skilled direct observation.
Their major virtue lies in their ability to give an immediate indication of the alarm state, so that appropriate action may be taken before too much damage is done.
Biochemical Assessment
The introduction of micro-techniques for blood gas and acid-base assessment (Astrup et al. 1960) has enabled a full range of tests to be done on as little as 0·25 ml of blood. PaC0 2 and acid-base measurements may be made on capillary blood (usually a heel prick) provided that the part has a good circulation and the blood is flowing freely. Assessments of Pa0 2 are generally considered to require arterial blood, although this has been questioned (Desai 1967) . It is possible that with a suitable technique and an adequate peripheral circulation capillary samples may be adequate from the fourth day of life (Winquist and Stamm 1970) .
Arterial blood may be obtained by puncture of a radial, brachial or temporal artery. Whilst this is usually possible, it may he distressing to the patient and time consuming. In neonates these difficulties can largely be overcome by the insertion of a catheter through the umbilical artery into the aorta, a technique introduced into clinical practice by Warley and Gairdner (1962) . It enables the Pa0 2 to be assessed easily and as often as necessary, and is therefore very useful in any newborn receiving oxygen, but it does suffer from certain deficiencies and there is an increasing realization that the complication rate may "be high. Even in experienced hands, there is a failure rate of up to 10 per cent, whilst evidence of arterial obstruction necessitating withdrawal of the catheter is also common (Gupta, Roberton and Wigglesworth 1968) . If the ductus arteriosus is still open, the Pa0 2 in the aorta below it may be less than that above, occasionally by a very significant amount (Roberton et al. 1968 ). There is post-mortem evidence of thrombosis in the aorta or its major branches in a large majority of patients, the incidence and severity being time-dependent, but thE'"e lesions are usually asymptomatic in survivors (Larroche 1970) . Thrombus formation in almost all patients during life has been shown by the injection of contrast media (Keal et al. 197~) . It may result in embolization and fatal infarction of major organs (\rigger, Bransilver and Blanc 1970) . If these catheters are to be used, the tip must be positioned under X-ray control distal to the origins of the renal and inferior mesenteric arteries, and a maximum duration of 72 hours should probably be set. There must either be a continuous infusion of isotonic heparinized (I unit/ml) solution through them, or they should be kept closed and filled with heparinizE'd saline (t) units/ml).
Hypertonic solutions should, if used at all, be injected slowly by constant infusion pump. ender no circumstances must clot in the catheter be reinjected into the patient.
The Pa0 2 indicates the efficiency of ventilation at various inspired oxygen concentrations and may be used to determine the oxygen concentration employed in management. The level whilst breathing lOO per cent oxygen may be used as an indication for ventilator)" assistance, although it is important to know the pH as well, because of the effect of the latter on the oxygen saturation. At least in some circumstances (including the absence of acidosis) survival is possible with a continuing Pa0 2 of ~() mm Hg (Levison and Swver 1965). The PaC0 2 provides evidence of hypoventilation or hyperventilation; on its own it is not usuall\" an indication for \"entilator\" assistance, but" a rising level is evidence ;If deterioration. E:\IER(;E),'CY :\I.",:\,\(;E:\IE:\T A proportion of patients will present in a state of severe asphyxia or with respiratory or cardiac arrest, because of the rapid progress of the illness, the occurrence of complications, or late referral. 1\Ianagement should be directed towards restoration of adequate pulmonary ventilation and oxygenation, and treatment of the cause and complications.
Any area which handles or may handle sick infants must have adequate oxygen and suction facilities. There should be a bag and mask assembly which is easy for the inexperienced to use, preferably having a device to limit the inspiratory pressure to 35-40 cm H 2 0. A straight bladed infant laryngoscope should be present and endotracheal tubes cut to a suitable length (e.g. 3·0 mm tube to 11 cm) to make endobronchial intubation unlikely. Drugs which may be required for resuscitation include adrenaline, sodium bicarbonate, dextrose and calcium gluconate.
Restoration of Pulmonary V fntilation
The airway should be cleared by posture and suction if necessary.
Oxygen is initially administered by bag and mask. Because of the nature of the infant airway, the head should not be hyperextended. The mask should be held gently on the face, and care taken not to place pressure on the tongue when drawing the mandible forward, thus forcing it back into the pharynx. Intubation may be performed once oxygenation has been achieved. Ventilation is then assisted or controlled as necessary.
In some supraglottic obstructive conditions, special measures may be necessary. In choanal atresia, hypoxia occurs because the neonate can only breathe through his mouth when he is crying; an oral airway needs to be fixed in position until surgery relieves the nasal obstruction. In the Pierre Robin syndrome, the tongue may need to be disimpacted from the palatal cleft and drawn forwards; placing the patient in the prone position reduces the likelihood of such obstructive episodes. \\'hen a pharyngeal cyst or tumour is present it may be necessary to disimpact it from the larynx. In many of these patients inflation of the lungs is impossible and intubation without pharmacological assistance needs to be undertaken as the first step; this procedure may be difficult and time consuming but the airway is usually adequate once a laryngoscope is in position.
Treatment of Complications
Cardiac arrest is managed by external cardiac massage. Intracardiac or intravenous adrenaline (0 '15-0· ~ mg) and intravenous sodium bicarbonate (3 m Eq/kg) are frequently required before an adequate circulation can be established, and increments should be given as necessary if recovery does not occur rapidly.
In the presence of severe hypoxia, metabolic acidosis of a considerable degree must be assumed.
Sodium bicarbonate (2 mEq/kg) should be given empirically and additional dosage based upon acid-base determinations.
Hypertonic solutions are best administered through a large peripheral vein. The umbilical vein may be used for short periods in neonates, but the catheter must traverse the liver if necrosis of the latter is to be avoided.
INDICATIONS FOR MECHANICAL ASSISTANCE OF VENTILATION
Ventilation may be mechanically assisted by the provision of an artificial airway (endotracheal or tracheostomy tube) or the application of positive pressure to the mouth of the airway. The indications for assistance are based upon a knowledge of the natural history of the various disease entities and assessment of the severity of the patho-physiological disturbance in each patient. Mechanical assistance increases the complexity of management and the incidence of complications, and is therefore usually reserved for patients unlikely to survive without it. lt may be used prophylactic ally in situations where the patient is particularly at risk, such as after intracardiac or other major surgical procedures. A complete assessment of the many situations which may arise would require extensive discussion, but some general principles may be considered.
Upper respiratory tract obstruction classically presents with increasing difficulty of ventilation without blood gas abnormalities. At the stage where either intubation or tracheostomy is usually considered to be required, the patient is restless, anxious, pale and often sweating, and has a tachycardia, but his blood gases are essentially normal. This is not true of neonates and young infants, since they often have a falling Pa0 2 in air and rising PaC0 2 , whilst restlessness and anxiety may not be present. In concurrence with the physical signs of considerable respiratory difficulty, a PaC0 2 in excess of 60 mm Hg may be used as an indication for intubation. Patients with lesions above the larynx commonly present with intermittent obstruction and cyanotic attacks; if these cannot otherwise be prevented, intubation is required.
Pulmonary Disease
In I.R.D.S. and other pulmonary diseases of the neonatal period, indications for assistance may be ba.'ied upon blood gas determinations or clinical observation. Survival without assistance is unlikely when the Pa0 2 falls below 50 mm Hg in 100 per cent oxygen (Stahlman et al. 1970 , Murdock et al. 1970 , indeed, mortality is of the order of 90 per cent (Swyer 1971a) . This is therefore a logical level to commence assistance. Clinical criteria are also valuable; they include central cyanosis in 100 per cent oxygen and the occurrence of one or two apnoeic episodes not responding rapidly to bag and mask inflation.
lVeurological Disease
Premature infants who develop apnoeic spells which do not respond rapidly to physical stimulation should be inflated with a selfinflating bag, using the atmosphere which exists inside their humidicrib (and not 100 per cent oxygen); if this is unsuccessful, I.P.P.R. is necessary. Patients with neonatal tetanus who develop reflex spasms require neuromuscular paralysis and l.P.P.R. Neonates and infants with meningitis should be ventilated as soon as there is evidence of hypoventilation, since otherwise a rise in PaC0 2 will increase cerebral oedema and make permanent damage or death likely.
Postoperative Assistance
Following major operations, a number of factors must be taken into account. These include the effect of surgery itself, blood loss and its possible inadequate replacement, acidosis, hypothermia, residual effects of anaesthetic agents and muscle relaxants, and postoperative pain. Under particular circumstances, other factors may be important, such as the effect of hypoxia and acidosis on the heart after intracardiac surgery, or respiratory difficulty causing disruption of an oesophageal anastomosis for atresia.
Prophylactic intubation is useful in selected patients following major surgery in neonates (Coppel et al. 1971) . Ventilation may also be used prophylactic ally or therapeutically after intracardiac surgery or the repair of a diaphragmatic hernia. Acute respiratory failure following cardiovascular surgery has been discussed in detail by Downes et al. (1970) . Their indications for ventilation are based upon the presence of combinations of a Pa0 2 of less than 75 mm Hg (acyanotic lesion) or 30 mm Hg (cyanotic lesion) in 100 per cent oxygen, a PaC0 2 of more than 50 mm Hg, severe retraction, grunting, apnoea or gasping in 100 per cent oxygen, tachypnoea, and arterial hypotension or bradycardia.
Left V entricular Failure
Patients with a high pulmonary blood flow due to congenital cardiac disease may require urgent surgical correction or palliation, but usually they are adequately controlled by medical measures. The development of a respiratory tract infection may precipitate the development of respiratory failure. The PaC0 2 usually rises slowly and the acidosis is well compensated. Adequate oxygenation may usually be maintained with high oxygen concentrations. :\Iechanical assistance is required if evidence of fatigue develops, or the PaC0 2 rises above 100 mm Hg. Palliative or corrective surgery is often required before assisted ventilation can be discontinued.
The methods of mechanical assistance to ventilation available include:
(1) Establishment of an artificial airwav by intubation or tracheostomy. . (1885), using metal pharyngo-tracheal tubes. He was very successful in reducing the high mortality of laryngeal diphtheria (Gifford 1967) and subsequently his method was used in many places, including Australia (Scholes 1927) . However, with the control of diphtheria and the further development of skill in performing tracheostomy, it gradually disappeared from medical practice.
It was reintroduced by Brandstater (1962) . Based upon a small series of 12 cases, he suggested that polyvinyl chloride tubes could be used satisfactorily for long periods. This was subsequently confirmed by Alien and Steven (196fi) .
An endotracheal tube which has an adequate internal diameter and is correctly placed will overcome upper respiratory tract obstruction, allow direct access for aspiration when secretional retention is present, and enable either intermittent or continuous controlled respiration to be easily applied. It does this at the cost of considerably narrowing the upper airway, bypassing the humidifying, heating and filtering mechanisms of the upper respiratory tract, and preventing coughing and grunting because closure of the glottis is impossible. Inability to cough makes the patient dependent upon regular suction, whilst grunting is a protective mechanism which tends to prevent pulmonary collapse; its abolition by intubation in I.R.D.S. causes a fall in Pa0 2 (Harrison, Heese and Klein 1968b) . The increase in airway resistance that intubation induces is proportionately greater in infants, since their nasal passages normally contribute a relatively small part of the total resistance (Polgar and Kong 1965) , whilst the ratio of wall thickness to internal diameter is larger with small endotracheal tubes. There is some evidence to indicate that a 2·5 mm tube causes an unacceptable increase in resistance in a spontaneously breathing neonate (Cave and Fletcher 1968) . In patients who already have a high airway resistance, such as in acute bronchiolitis, intubation alone may raise it to a critical level and cause a dramatic fall of the Pa0 2 ; if assistance is indicated in this condition, I.P.P.R. will always be required as well.
Technique
The endotracheal tube is always on the first occasion passed via the mouth. This is technically simpler than nasotracheal intubation and allows ready assessment of any airway difficulties and the size of the nasal tube to be used subsequently. Once adequate oxygenation and removal of secretions has been achieved the oral tube is replaced by a nasotracheal tube. The tube may be inserted without any pharmacological assistance in the majority of patients, although in older and more resistant infants an intravenous muscle relaxant may be required. In the presence of upper respiratory tract obstruction, an inhalational anaesthetic such as halothane in oxygen is preferred to a muscle relaxant, since with spontaneous respiration a high Pa0 2 is more easily achieved and the necessary landmarks (which may be distorted in the presence of an obstructing lesion) are more readily recognizable.
Whenever an anaesthetic agent or muscle relaxant is given to facilitate intubation, atropine must be given as well, since either may precipitate cardiac arrest in the presence of hypoxia or hypercarbia.
The size of tube is important; it must be large enough to provide an adequate airway, but not so large that compression of the subglottic mucous membrane occurs and results in the formation of oedema or stenosis. The normal criterion for the selection of a tube is that it should allow a small leak of gases from the larynx when the lungs are inflated through it (Stocks 196ti ). However, a gas-tight tube may be used in a neonate provided that it passes easily, since, for some poorly understood reason, subglottic complications are extremely rare at this age. This means that a 3·0 mm tube may be used in almost all neonates weighing more than 1 ,G()O grammes.
It is essential that the tube be positioned correctly, with the tip lying about 1 cm above the carina. If it is lower than this, endobronchial intubation is possible, whilst if higher, accidental extubation is more likely to occur. Several formulae for the distance of insertion have been devised (Bush 1964 , Tunstall et al. 1968 , Coldiron 1968 ), but the normal variation is so great that the only satisfactory method is to position the tube by clinical assessment, check with X-ray and readjust if necessary. Once in position, the tube must be securely fixed.
Management
Humidification is essential to replace the water vapour lost by by-passing the upper respiratory tract. The water content of the inspired gases needs to be of the order of 40 mg/I. Inadequate levels result in changes in the bronchial epithelium and an alteration in the characteristics of mucus (Sara 1965) . They are especially likely to be deleterious in the very young, since the inspissated mucus produced is more likely to block branches of the bronchial tree or the endotracheal tube itself when these are narrow. The methods available have been discussed in detail by Chamney (1968) .
AIR
OXYGEN THERMOMETER I · I · HUMIDIFIER FIGURE I.-Preferred method of humidification for the intubated patient. Gases are passed over a hot water bath humidifier, the temperature of which is adjusted so that they reach the patient at 3.~O C.
Humidified oxygen-air mixtures are most satisfactorily delivered to the patient via a T-piece after passing them over a hot water bath, such as those described by Marshall and Spalding (1953) or Donnelly and Wilson (1966) (Figure 1) . The temperature of the humidifier is adjusted so that the gases reach the patient at 35° C. In the presence of very viscid secretions, as may occur in laryngo-tracheobronchitis or staphylococcal pneumonia, this may be supplemented by the instillation of o . 5 ml of normal saline prior to endotracheal suction.
It may be desirable to nurse the patient in an enclosure without direct attachment to the source of humidification, either because he is restless or for the sake of convenience. Under these circumstances, either a head box with a high flow of gases from a humidifier, or a heated or ultrasonic nebulizer may be used. Such a nebulizer provides a supersaturated gas mixture which compensates for the inevitable mixing with room air in a humidicrib or oxygen cot. If ultrasonic nebulizers are used, care must be taken not to provide a grossly supersaturated atmosphere, since this may cause atelectasis and an increase in the A-a oxygen gradient (Modell et al. 1968 ).
Endotracheal suction is necessary to remove secretions. It is usually performed at half hourly intervals, but may be needed more frequently. In the early, critical stages following intubation, if secretions are absent, it may be performed less often to avoid its deleterious effects. To achieve adequate aspiration, the catheter used should be the largest one which passes easily (Stocks 1968) . Especially with such a big catheter, suction is likely to lead to atelectasis, hypoxia and a fall in compliance (Brandstater and Muallem 1969) . To minimize these sequelae, the cather should be introduced as rapidly as possible, and only then should negative pressure be applied; it is withdrawn slowly over the first 3 or 4 cm and then rapidly removed. The lungs should be inflated with oxygen both before and afterwards if necessary, whilst if repeated aspiration is required it should be delayed for a minute or two. Pharyngeal suction is usually performed once endotracheal suction has been completed.
Prevention of cross-infection is of great
importance when there is direct access to the trachea. In neonates especially, the progress of pneumonia or septicaemia due to Pseudomonas or Klebsiella organisms may be extremely rapid. The former may be found in faeces (especially in patients with a colostomy or ileostomy), whilst both may be present in warm, moist situations such as a nebulizer; they may be transferred by handling or in droplets. Prophylactic antibiotics may be given both systemically and by instillation down the endo- al. , Stocks 1972 . The most suitable agent is gE'ntamycin.
Complicatiolls
A great deal of attention has been directed to the complications of endotracheal intubation (Fearon et al. 1900; .:'Ilarkham, Blackwood and Conn HW7; Owen-Thomas 1967; Striker, Stool and Downes 1967; Abbott 19{j~; Hatch 1968; Lindholm 1\W9) . All are potentially avoidable in infants (Stocks 1968 ), so there is no reason to limit the duration of prolonged intubation in this age group, as has been advocated. The longest reported duration of intubation with ultimate recovery is three vear~ (Zelt and LoSasso 197~) . The ()nl~' sequela was a hoarse voice.
Blockage of the tube and accidental extubation are potentially the most serious complications. Their prevention by continuous attention to the adequacy of humidification and suction, and the securitv of fixation of the endotracheal tube respecti\'ely, are fundamental to the success of the technique. If either occurs, the nursing staff must be able to recognize the situation and manage it until medical assistance arriYf~s.
This
usually entails removing the endotracheal tube and administering oxygen in an adequate fashion.
Subglottic oedema and stenosis may be due to pressure (Stocks 1968) or the presence of a toxic compound in the endotracheal tube (Guess and Stetson 1968). Oedema results from minor degrees of trauma, whilst stenosis occurs if the lamina propria is destroyed and healing subsequently occurs with granulation tissue (Sara lHH7) .
Laryngeal granulomata and thickening of the vocal cords nJa\' result from abrasions, especially with the use of large tubes. Their diminishing frequency suggests that toxic compounds in endotracheal tubes may also have been an aetiological factor in the past. They rarely require operative treatment.
Clceration and scarring of the nostril will not occur if pressure on it is avoided by angling the protruding part of the tube downwards and forwards.
THACHEOSTO:\I Y
Tracheostom\' was widely used for the relief of respiratory' obstruction' in the nineteenth century, but its place was not fully established in paediatric practice until the work of Chevalier Jackson (Jackson 1\1(9). .:'IIore recently it has [)E'en employed for non-obstructive respiratory failure (Smythe and Bull 1959, Fearon et al. 1964, Aberdeen 19{j5) . In many places it has now largely been replaced by prolonged intubation, but may be required where that is impossible (e.g. congenital subglottic stenosis or web formation). In some centres it is used for preference in the first instance or where access to the trachea is required for a prolonged period, such as more than one week. Tracheostomy provides a shorter, wider airway than does intubation, but requires a surgical operation and has more immediate complications. The mortality and morbidity with the two techniques are comparable when both are applied well, but intubation is usually more convenient (Stocks 1972) .
.
Technique
Attention to detail is important (Glover 1970) . Respiratory failure should be controlled initiallv b\' endotracheal intubation. The procedure Itself should be performed under general anaesthesia. The dissection must be kept strictly to the midline, and the incision made through the third and fourth tracheal rings without excising cartilage. The most satisfactory type of tube is generally considered to be onc of the Great Ormond Street pattern (Aberdeen 1965) ; it must be inserted and fixed securely. The details of the subsequent management are very similar to those described for intubation.
Compl ications
The complications which may occur arc largely preventable (Fearon 190~; Holinger, Brown and .: 'IIaurizi H)();i; Aberdeen 19tii)). Pneumothorax is very likel\' if the dissection strays from the midline' or if respiratory obstruction develops and causes air to track into the mediastinum, from where it ma\' rupture into a pleural cavity. Blocked tube and accidental extubation mav occur. Erosion of the trachea, perhaps op~ning into a major vessel, is not uncommon with rigid tubes, or if plastic tubes are shortened to avoid endobronchial intubation and are left with sharp edges. "Retained tube", in which the trachea collapses if the tube is removed, may occur if too high an incision is made into the trachea or if cartilage is excised. Intermittent positive pressure respiration has been used on neonates and infants with increasing frequenn· over the last ~o years, initially with little success. The first successful large-scale application was for the management of tetanus neonatorum (Smythe and Bull 1959, Wright ct al. J 961) . It was later shown to be of value during post-operative cardiac surgical management (G lover J 965). Considerable difficulties beset its use in l.R.D.S., but reports of good results in increasing numbers of patients have occurred since 1965 (Delivoria-Papadopoulos, Levison and Swyer 1965; Thomas et al. 1965; Reid, Tunstall and Mitchell 1967 ; Adamson et al. 1968; Heese et al. 1970; l\1urdock et al. 1970) .
Except for brief bag and ma.<;k inflation, LP.P.R. is usually considered to require prior intubation or tracheostomy. However, assisted ventilation has been applied by mask (Llewellyn, Tilak and Swyer 1970) . This technique has been shown to reduce the need for intubation, but has complications of its own, is harder to manage, and does not affect survival rates.
Requirements and Relevant Characteristics of Ventilators
For use on infants, a ventilator must be able to provide tidal volumes varying between 10 and 150 ml, deliver this gas over a suitable period of time (0·5-1 sec) at a pressure in the breathing circuit which may vary from 10 to 50 cm H 2 0. Expiration may be controlled, but is normally a passive process generated by exposing the lungs to atmospheric pressure. I ts duration may need to be varied between 0·5 and 2·5 sec. A number of available ventilators satisfy these requirements, whilst others may be modified to do so (l\Iushin et al. 1969) . It is essential that the machine be mechanically reliable and that the operator fully understands its function, in particular knowing which parameters may be influenced directly and the means whereby those under indirect control may be altered. If these criteria are satisfied, successful operation is likely. However, whilst there have been few detailed trials comparing different ventilators under clinical conditions, there are good theoretical grounds for believing that the production of some functions in a particular way may improve ventilation or even be critical under certain circumstances. For many years it was generally held that inspiration should be produced with the lowest possible mean intra-pulmonary pressure so as to avoid impairment of venous return and reduction of cardiac output (Brecher 1956, Spalding and Crampton Smith 1963) . Especially since the introduction of c.P.P.R., it has been realized that significant impairment of the circulation is uncommon, readily managed by plasma expansion, and much less important than the need to maintain maximal alveolar ventilation and prevent pulmonary collapse. Ventilators which produce a plateau of high pressure during inspiration (e.g. constant pressure generators -Bennett PR2, East Radcliffe, or sine wave generators-Starling Pump) or have a static phase at its conclusion (e.g. Engstrom) are superior in this regard to constant flow generators (e.g. Loosco, Vickers, Bird Mark 7 or 8 without air entrainment, Bourns, etc.).
Constant pressure generators can compensate for variable leaks in the circuit, including those which may occur around the endotracheal tube or from a drained pneumothorax, but they need to be adjusted should a change occur in the patient's compliance.
Ventilators which deliver a constant volume of ga.'ies into the breathing circuit do not necessarily deliver a constant volume to an infant, since some gas is compressed on inspiration and re-expands during expiration to pass out the expiratory valve without entering the patient's lungs. The larger the volume of the breathing circuit in relation to the patient's total lung capacity, and the higher the inspiratory pressure required, the more significant this factor becomes. With the Engstrom ventilator, the patient's tidal volume may be as little as one fifth of the spirometer reading (Glover 1965) . No ventilator is therefore capable of delivering the same volume of gas to an infant in the face of a large change in compliance, but those with smaller breathing circuits (Bourns, Loosco, Vickers) approach it much more closely than does the Engstrom.
The mechanism of cycling is important. Pressure cycling (Bird :'.Iark 7 or 8) results in a smaller tidal volume being delivered if the patient resists the ventilator. This may lead to hypoxia and induce further restlessness and resistance. Heavy sedation or even muscular paralysis may be necessary to enable adequate ventilation to be achieved. One might expect the same factor to apply to a lesser extent to a time cycled pressure generator such as the Bennett PR2, but in practice it does not appear to be of importance.
The rate of respiration and the inspiratory: expiratory (I : E) ratio are important, and some studies have been made to elucidate the ideal (Owen- Thomas, Ulan and Swyer 1968; Harrison, Heese and Klein 1969; Smith et al. 1969; Picton-Warlow 1970; Smith, Schach and Daily 1972) . Their widely divergent results indicate that optimal conditions vary considerably with differences in both the underlying pathophysiology and ventilator used. The most suitable settings must therefore be established for each particular patient under the prevailing circumstances.
Many ventilators have a patient-triggering mechanism incorporated, some of which are more sensitive and have a quicker response time than others (Epstein 1971b) . They are usually readily adjusted in infants, but more difficulties are experienced in neonates, since the difference in adjustment of the cycling mechanism between failure to respond and automatic cycling is very small. Nevertheless, those machines which are the more sensitive and reliable (Bird }Iark 8, Bourns) have been used successfully in I.R.D.S., and it has been shown that assisted ventilation produces a higher Pa0 2 than controlled yentilation (Harrison et al. 1969, Llewellyn and Swyer 1971) . However, it is usually simpler and just as satisfactory to control ventilation with mild hyperventilation, and rely upon an appropriate positive end-expiratory pressure to maintain the Pa0 2 • Breathing out of phase with the ventilator is not as a rule important provided the patient's inspiration does not produce a high negative pressure inside the circuit. Occasionally it will be necessary to use a muscle relaxant or narcotic, but by and large such assistance is only required in patients with severe pulmonary haemorrhage or bronchiolitis.
Oxygen Concentration
Control over the oxygen concentration is essential if I.P.P.R. is to be used for more than 24 hours in any patient (or more than two hours in a premature infant). It may he achieved directly if the gaseous intake of the machine is controlled by flow meters (e.g. Loosco, Engstrom, Vickers, Bourns) or if a variable air-oxygen mixing valve (Bird" Oxygen Blender ") is used. Otherwise, it must be varied indirectly by driving the ventilator on oxygen and adding air, or vice versa. With indirect control, alteration of the controls of the ventilator necessitates a reassessment of the oxygen concentration.
Breathing Circuit
The breathing circuit should have a minimal dead space and low resistance to expiration. The internal diameter of the tubing should exceed 1 cm, so that condensing water does not block gas flow. Valves must be reliable and a pressure relief valve should be incorporated in an\" ventilator in which excessi"e rIses III pressure are possihle.
Humidification
Some of the difficulties associated with achieving adequate humidification during I.P.P.K in infants have been discussed bv Epstein (1971a) . The major problem is th;t because the minute volume is so small, the progress of gases from the humidifier to the patient is very slow. This results in excessive cooling and condensation of water vapour and raining out of nebulized droplets, so that the water content may be inadequate. \Vhen using a hot water bath, it may be possible to raise its temperature to compensate for this with some ventilators, but especially with those which are either pressure generators or pressure cycled this is dangerous, since disconnection of the patient from the circuit will result in a rapid flow of hot gases which on re-connection may burn the trachea. The problem may be overcome by increasing the flow rate along the inspiratory line or by preventing the heat loss. (1) I ntroducing gases into the circuit either during expiration alone (as is possible with the Bennett PH.2 or Bird }Iark R), or continuously, thus increasing the flow rate from the humidifier to the expiratory valve during expiration. (2) Pro"iding a small leak from the circuit near the patient so that gases flow more rapidly during inspiration. (lb) the introduction of an expiratory gas flow into the circuit;
(2) a gas leak placed near the patient; or (3) prO\'ision of a heating element in the inspiratory line .
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(3) Placing a heating element inside the inspiratory line (Spence and Melville 1972, Fisk and Vonwiller 1972) or surrounding it with circulating hot air (Epstein 1971a) .
Ventilator Alarms
Alarms have been designed to warn of malfunction of the ventilator or accidental disconnection of the patient from it. They may be based upon detecting chest excursion through a strain transducer (Eaton, Holloway and Short 1967) , or sensing a fall of peak inspiratory pressure and failure of the expiratory pressure to return to a base line level (Stocks 1969) . A push-button switch which enables the sound to be delayed for a short period at will should be incorporated, since if it is necessary to turn the alarm off to enable the patient to be disconnected without it sounding, it is very likely that it will not be turned on again. Alarms which depend upon a fall in peak pressure will not detect accidental extubation or disconnection of the endotracheal tube from its connector, since the pressure fall across the latter will be virtually identical whether or not a tube is attached or inside the trachea.
Complications
Mechanical failure is possible with any ventilator, many having characteristic types of malfunction which should be known to the operator.
Accidental disconnection is very common and must be watched for continuously. Pneumothorax is a possible complication of many of the diseases for which LP.P.R. is needed, and the likelihood is increased with the use of high ventilating pressures; it may develop very rapidly, and require urgent drainage. Oedema due to interference with venous return may occur, especially with a high mean intrapulmonary pressure.
Ventilator Settings
Hypoventilation. The compliance of an infant's lungs is similar (weight for weight) to an adult's (Avery 1968 ) but that of his chest wall is very high (Nightingale and Richards 1965, Reynolds and Etsten 1966) .
Consequently, adequate inspiration may be achieved with an inspiratory-expiratory pressure difference of 10 cm Hp. However, with the passage of time this usually has to be increased as collapse tends to occur as a result of constant pressure ventilation and repeated suction (Brandstater and Muallem 1969) . This collapse may be partially overcome by using an expiratory pressure of 2·5-5 cm Hp. A respiratory rate of the order of 30 a minute with an I : E ratio of 1 : 2, with the pressure being varied according to the PaC0 2 level, is usually most satisfactory.
Pulmonary Disease. The settings required to achieve maximum gas exchange vary greatly with different ventilators. With the Bennett PR2 optimal conditions are usually obtained with respiratory rates between 30 and 40 a minute, with an I: E ratio of 1: 1; more rapid rates may cause a fall in both Pa0 2 and PaC0 2 (Smith et al. 1972) . Using the Bourns ventilator, Owen- Thomas et al. (1968) concluded that the optimal I : E ratio in LR.D.S. may be 1: 4·5. The delivery pressure may need to be from 25 to 50 cm Hp, according to the degree of reduction of compliance; the level chosen depends upon that needed to obtain adequate oxygenation and normal PaC0 2 levels.
If pressures in excess of 40 cm H 2 0 are required to achieve a satisfactory Pa0 2 , PaC0 2 levels of up to 65 mm Hg may be accepted.
Airways obstruction in its most serious form is due to epidemic bronchiolitis. The narrowed airways allow only low gas flow rates during both inspiration and expiration. The difficulties encountered with expiration are more serious as the airways are narrower, and it can only be assisted indirectly (by raising the intrapulmonary pressure at the end of inspiration). To obtain adequate gaseous exchange, neuromuscular paralysis is essential and a slow respiratory rate (20-24 a minute) with an I : E ratio of 1 : 2 is optimal (Downes et al. 1968 , Phelan et al. 1968 ). Inspiratory pressures of up to 40 cm H 2 0 may be needed. Despite the prolonged expiratory phase, expiration is only partially completed and the lungs remain over-distended. This in turn raises the venous pressure and leads to generalized (including cerebral) oedema, and may necessitate fluid restriction and diuretics.
CONSTANT POSITIVE AIRWAY PRESSURE (C.P.A.P.)
The use of C.P.A.P. as the technique of choice for managing LR.D.S. was first described by Gregory et al. (1971) , although it had been employed by others during the recovery phase following c.P.P.R. It has since been found valuable in the management of pulmonary collapse, oedema and haemorrhage.
In the intubated patient, the positive pressure is most simply and safely obtained by lengthening the expiratory limb of the T-piece and placing it under water; the water level is varied to provide the desired pressure (Figure 3) .
Other methods involving the passage of gases through a constriction (such as a screw clamp on the tail of the bag in a J ackson H.ees type circuit) are dangerous because the pressure will vary with changes in flow rates and an accidentally produced high pressure may produce a pneumothorax. Constant positive airway pressure may also be produced in a non-intubated patient by placing his head in a gas-tight plastic box vvith an iris diaphragm seal for the neck. Gases are introduced through an inlet at a sufficiently high flow rate to obtain the requisite pressure, which may be limited by an underwater device.
With this system, gases may enter the stomach, so a gastric tube of at least 8 F.G. diameter should be passed and placed on continuous suction. Gregory and his co-workers saw no difference in the effects of C.P.A.P. applied through an endotracheal tube or by pressure chamber. The second method is so simple that in future it may well be employed much earlier in the course of the disease, before lifethreatening degrees of hypoxia have developed.
In I.RD.S., an initial pressure of 10 cm H 2 0 commonly produces adequate oxygenation when the patient had previously been hypoxic in 100 per cent oxygen, but if not it may have to be increased in increments to 16 cm H 2 0. If this is ineffective, C.P.P.R should be commenced. Gregory and co-workers have shown that C.P.A.P. results in large increases in Pa0 2 in I.RD.S. due to improved alveolar ventilation; there is an increase in the functional residual capacity and a reduction of physiological dead space, whilst other parameters alter little. In their studies, the oesophageal pressure was only :W per cent of the applied pressure, apparently due to a marked fall across the noncompliant lungs. As a result, there was little tendencv to fluid retention and increase in oedema:
In pulmonary collapse, a pressure of 5-7·5 cm H 2 0 improves ventilation to the collapsed areas, and is an important factor in promoting full exp<msion. Because areas of normal lung are present, the mean intra-thoracic pressure is likely to be much higher in comparison to the applied pressure than in I.R.D.S. Fluid retention and oedema are therefore not uncommon, especially when C.P.A.P. levels exceed i') cm H 2 0. In premature infants, pressures as low as 2·3 cm H 2 0 may be helpful in increasing the Pa0 2 at low inspired oxygen concentrations (FI O 2 ) and in reducing the incidence of apnoeic spells.
1 n pulmonary congestion and oedema, fluid is transuded from the vasculature when the intra-capillary pressure exceeds the protein osmotic pressure of the plasma. If digitalis and diuretics fail to produce an adequate response, this trend may be reversed by raising the intra-alveolar pressure. Continuous positive pressure respiration is commonly required initiallv, but once control has been achieved it may usually be maintained by C.P.A.P., commencing with a pressure of ]0 cm H 2 0.
Pulmonary haemorrhage may complicate several diseases, including I.R.D.S., pulmonary hypertension, asphyxia, septicaemia and coagulation disorders. It is often massive. A positive intra-alveolar pressure tends to prevent further bleeding, and if introduced early enough, enables adequate oxygenation to be achieved. Usually long periods of c.P.P.R. with high FI0 2 's are necessary before C.P.A.P. may be commenced.
COXTlNl"CHTS POSITIVE PRESSURE RESPIRATION (C.P.P.R) The use of C.P.P.R in children was first mentioned by Inkster (1968) and Rees (1968) . Its widespread adoption in I.R.D.S. followed the observation of Harrison et al. (1968b) of the value of grunting in this disease. Continuous positive pressure respiration is necessary for anv condition for which C.P.A.P. is indicated, and a ventilator is required as well. This includes (1) (3) pulmonary oedema or haemorrhage where a C.P.A.P.level of 10 cm HP is inadequate (as is usual at the stage when treatment is commenced). The criteria for the levels of expiratory pressure used are given under C.P.A.P., and the other details of management and complications resemble those discussed under LP.P.R.
:VI any ventilators are capable of producing c.P.P.R. with no modifications. Others may require any of the following (Figure 4) (3) a onc-way valve to preycnt the raised expiratory pressure from interfering with the ventilator's cycling mechanism; and (4) a gas leak to allow the pressure chamber of the \-entilator to reach zero pressure in expiration.
(1) A means of collecting the expired gases and leading them to a source of constant positive pressure (such as an under-water bottle). (2) A continuous flow of gases into the breathing circuit throughout expiration to maintain the positive pressure despite small leaks of gases from it, or the patient breathing out of phase with the ventilator.
(3) A one-way valve between the ventilator and breathing circuit to allow gases to flow from the ventilator, but prevent the expiratory positive pressure being transmitted to it and interfering with its cycling mechanism. (4) A means (such as a small leak) of reducing the ventilator pressure to zero in expiration. The Bird Mark 7 and 8 require all four of these modifications if the expiratory pressure exceeds 5 cm H 2 0, whilst the Bennett PR2 needs the first three.
Constant positive airway pressure andC.P.P.R. are contra-indicated in diaphragmatic hernia, because the already low inspiratory reserve capacity is likely to be further reduced to levels incompatible with life; in bronchiolitis, because the mean intrapulmonary pressure may already be very high; and in raised intracranial pressure, because they increase the venous pressure.
INTERMITTENT NEGATIVE PRESSURE
RESPIRATION (LN.P.R.) The first ventilator designed specifically for neonates was of a negative pressure type (Donald and Lord 1953) . Intermittent negative pressure respiration has since been used extensively, mainly in the management of LR.D.S. (Silverman et al. 1967 , Stahlman et al. 1970 , Stern et al. 1970 . The principle of operation is that the body is placed in a compartment separated from the head by a seal around the neck, and negative pressure is applied to it intermittently. The manner in which gas is caused to flow into the lungs is physiologically similar to LP.P.R. (Spalding and Crampton Smith 1963) .
The most important criterion for the use of a ventilator in the above series was a low Pa0 2 in 100 per cent oxygen. It was usually possible to achieve a satisfactory increase in Pa0 2 without endotracheal intubation, although hypercarbia commonly occurred. A fall in PaC0 2 followed intubation if that was performed . However, the preservation of grunting by avoiding intubation may be important (Stahlman 1968) .
The use of a negative phase in expiration (i.e. constant negative pressure respiration, analogous to c.P.P.R.) may also be helpful (Stern 1970) . The major disadvantages of LN.P.R. are that the patient is subjected to severe buffeting, and experience has shown that it is technically unsuitable for those weighing less than 1,500 grammes. Despite this, the results obtained in the series of Stahlman, Stern and Linsao and their co-workers were at least as good as 111 comparable series using LP.P.R.
~IANAGEMENT DURING RECOVERY When the patient's condition improves, the amount of ventilatory assistance required will lessen. The first priority in management is to reverse very high levels of assistance-oxygen concentrations in excess of 80 per cent, and inspiratory and expiratory pressures of more than 40 cm H 2 0 and 10 cm H 2 0 respectively. With most illnesses, this may be done within 24 to 48 hours if the patient is eventually going to recover. Once this has been achieved, the oxygen concentration should be reduced by 5-10 per cent increments to 50 per cent or less, according to the criteria for adequacy of oxygenation mentioned previously. If the patient is receiving l.P.P.R., attempts to discontinue it should in general be deferred until it is possible to maintain a satisfactory PaC0 2 with pressures of :10 cm H 2 0 or less. If the pressure is more than 30 cm H 2 0, such attempts are unlikely to be successful, and may result in the rapid development of hvpoxia and both respiratory and metabolic acidosis. In many premature infants particularly, a pressure as low as 20 cm H.)O may be needed before weaning can be achieved ..
Constant positive airway pressure has proved very useful in allowing patients to be taken from a ventilator at a much earlier stage than was formerly possible so that many patients who would have required I.P.P.R for several days now no longer do so. Constant positive airway pressure itself should he reduced in 2·5 cm H 2 0 stages as tolerated until :2 . .') cm H 2 0 is reached before extubation is attempted. Changes in any parameter should be small ones, and great care must be taken to ensure that deterioration does not result. If the changed situation is not tolerated, the previous conditions must he restored. In general, at least two hours should elapse before further changes are made.
Extubation may be performed when the patient is breathing adequatel~' in less than 50 per cent oxygen and makes strong attempts to cough during endotracheal suction. The ainvay should be cleared by thorough tracheal, nasal and pharyngeal suction, and the patient allowed to breathe 100 per cent oxygen for several breaths; a pressure of the order of 50 cm HP is then applied as the tube IS removed, so that an expulsive cough occurs as it clears the vocal cords.
After extubation, the management resembles that of the initial phase, with the exception that the encouragement of coughing is made more important by the inevitable increase of tracheo-bronchial secretions that endotracheal intubation and suction produce. The patient must be very closely observed, and if sputum retention or other forms of deterioration occur, re-intubation will be necessary.
Feeding should be recommenced at the earliest possible moment during respiratory assistance, provided that there is no danger of inhalation. The sparing of protein catabolism is important in the very young, especially in premature infants. Usually once the intubated patient's condition has stabilized and oxygen a-tion is adequate, gradually increasing volumes of appropriate milk feeds will be tolerated. The\' should 1)(' temporarilv suspended over the "period of extubation. .
Pharyngeal suction and humidification are withdrawn when it appears that they are no longer required, and the oxygen concentration is gradually lowered until it is possible to dispense with it altogether.
RESt'LTS AXD COXCLFSIOXS
Both endotracheal intubation and trache-ostom\' are excellent means of overcoming upper'respiratorv tract obstruction, no matter what the aetiol(·)gy. If the pathology is selflimiting or can be successfully treated, mortality should -be low. \Vhere the obstruction is prolonged, it is common practice to perform a trac heostomv since this is considered easier for non-exp~~t staff to manage. This is not necessarih' true for infants, since once the patient is removed from an intensive rare ellvironment blockage of the tube with secretions is not uncommon and frequently fatal. The prognosis therefore may largely' depend upon the standard of care which can be provided.
The mortality rate in non-obstructive respiratory failuic from am' cause is likely to be higher than in obstructive failure. A survey of several units in which I.P.P.R. was used (Heese 1968) showed a survival rate in patients treated with it of nearly .to per cent in I.R.D.S. and bacterial pneumonia, 70 per cent in neonatal tetanus, 25 per cent in apnoea of prematurity and 18 per cent in meconium aspiration. It has been estimated that I.P.P.R reduces the overall mortalitv of I.R.D.S. bv about 11') per cent (Swyer 1971 a), whilst if the patient is over :!,noo grammes, survi\'al is -13 per cent compared with 15 per cent in controls pTurdock et al. I !l70) . Important factors influencing the outmme include the severity of the disease process (which is inversely proportional to the age at which I.P.P.R. is necessary), the weight of the patient, and the duration of asphyxia prior to the commencement of treatment.
These figures were obtained before the introduction of C.P.P.R. and C.P.A.P. Preliminary experience indicates that both these techniques will have a dramatic effect upon survival ratcs. Cumarasamy et al. (1973) treated 68 neonates with I.R.D.S. using c.P.P.R. followed bv C.P.A.P. in the weaning stage; ; ; 0 survive; :l. Gregorv ct al. (1971) managed 36 neonates sufferi~g from I.R.D.S. with C.P.A.P. alone; 32 survived. Both these senes included many patients weighing less .411a('sthcsia allli [lItcllsicl' Carc, 1',,1. [, .\'0. (i . .\'ovl'mbcr, Ifl,:, than 1,500 grammes. Constant positive airway pressure has also considerably shortened the duration of ventilator therapy and simplified weaning in many patients; it has therefore reduced both the morbidity and mortality of many conditions. Continuous positive pressure respiration has converted the mortality rate due to massive pulmonary haemorrhage from nearly 100 per cent to less than 50 per cent. There is also little doubt that the use of various forms of ventilatory assistance in the seriously ill post-operative patient has played a very significant role in reducing mortality, particularly for intracardiac and major thoracic surgery.
These results have been achieved at some cost. In patients with normal lungs prior to the institution of assistance, infection may occur, but if this is controlled complete recovery is to be expected. In those with grossly abnormal lungs, significant residual pathology may persist and render the patient susceptible to respiratory infections.
Stahlman (1970) reports only 17 asymptomatic patients out of 36 survivors from LR.D.S. during the first two years of follow-up; the remainder developed pneumonia, bronchitis, bronchiolitis or wheezing and there were two late deaths. It is apparent, therefore, that prolonged follow-up care is necessary, but there is a general tendency to improvement and most patients eventually recover completely. Similar considerations apply to patients suffering from many other illnesses, including meconium aspiration pneumonia, oesophageal atresia and diaphragmatic hernia.
There is a legitimate fear that the incidence of retrolental fibroplasia will increase now that intensive management of respiratory distress in the newborn is becoming more common (De Leon, Elliott and Jones 1970). This has not so far been apparent in published reports, but great care will always be necessary to ensure that susceptible patients are maintained within the narrow area between hypoxia and hyperoxia.
There is also a fear that the level of intelligence of survivors may be lower, and that there may be a high incidence of patients who "recover" but show grossly deficient mental development. This has not been borne out by the studies of Stahlman (1969) and Swyer (1970) who compared their survivors with siblings and found no significant difference.
There is no doubt that such care is very expensive. Is it then worthwhile? Usher (1970) quotes neonatal mortality figures for the Province of Quebec (1967) which show that in non-metropolitan hospitals without intensive care facilities the neonatal mortality rate is 13·69, compared with 6·30 in those metropolitan hospitals with intramural intensive care facilities.
Respiratory care forms an integral part of the management in such units. This indicates that survival rates which are highly significant to the community may be achieved.
It must be noted, however, that the excellent published results have been obtained in units which offer a high standard of care. To achieve equivalent degrees of success it is necessary to have good transport facilities, a high standard of both medical and nursing care, the availability of good intensive care facilities from the point of view of both structure and equipment, and round the clock X-ray and laboratory services. Any weak link in this chain will result in an increase in morbidity and mortality (Heese 1968). Good results will only follow meticulous attention to detail by a competent staff working with first-class facilities.
